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Hybrid QM/MM calculationThe functional roles of the amino acid residues of the CuA site in bovine cytochrome c oxidase (CcO) were
investigated by utilizing hybrid quantum mechanics (QM)/molecular mechanics (MM) calculations. The
energy levels of the molecular orbitals (MOs) involving Cu dzx orbitals unexpectedly increased, as compared
with those found previously with a simpliﬁed model system lacking the axial Met residue (i.e., Cu2S2N2). This
elevation of MO energies stemmed from the formation of the anti-bonding orbitals, which are generated by
hybridization between the dzx orbitals of Cu ions and the p-orbitals of the S and O atoms of the axial ligands. To
clarify the roles of the axial Met ligand, the inner-sphere reorganization energies of the CuA site were
computed, with the Met residue assigned to either the QM or MM region. The reorganization energy slightly
increased when the Met residue was excluded from the QM region. The existing experimental data and the
present structural modeling study also suggested that the axial Met residue moderately increased the redox
potential of the CuA site. Thus, the role of theMet may be to regulate the electron transfer rate through the ﬁne
modulation of the electronic structure of the CuA “platform”, created by two Cys/His residues coordinated to
the Cu ions. This regulation would provide the optimum redox potential/reorganization energy of the CuA site,
and thereby facilitate the subsequent cooperative reactions, such as the proton pump and the enzymatic
activity, of CcO. This article is part of a Special Issue entitled: Allosteric cooperativity in respiratory proteins.cular dynamics; QM, Quantum
e c; MOE, molecular operating
ric cooperativity in respiratory
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Cytochrome c oxidase (CcO), the terminal enzyme of the
respiration chain, generates free energy for the proton pump by
reducing an oxygen molecule to two water molecules, thereby
forming the gradient of protons between the mitochondrial matrix
and intermembrane space. CcO possesses four redox active metal
centers, CuA, heme a, heme a3, and CuB. The CuA site accepts electrons
from cytochrome c (Cyt c), and provides the electrons to heme a. This
triggers various chemical reactions occurring from the reduced state
in CcO, which are cooperatively induced, followed by oxygen binding
[1–3]. The transferred electrons are conducted to heme a3 and the CuB
site, where O2 is reduced. Employing the free energy released from the
reduction, CcO pumps four chemical and four pumped protons. Thus,
the CuA site is considered to be the “gate” of the subsequently induced
cooperative reactions in CcO.The electron transfer pathways relevant to the CuA site have been
intensively investigated in previous studies [4–7]. However, in terms
of the three-dimensional (3D) and electronic structures, the func-
tional mechanisms of the CuA site still remain to be elucidated, even
though crystallographic studies have revealed the high-resolution 3D
structures of various states of CcO [8–13]. Interestingly, the CuA site
possesses two Cu ions and six coordinated ligands. These two Cu ions
were found to form a covalent bond characterized by a mixed-valence
state [14–17], which produces a lower reorganization energy and a
higher electron transfer rate than those of the blue Cu proteins, such
as plastocyanin and azurin [17]. For each Cu ion, two S atoms (from
Cys residues), one N atom (from a His residue), and one S atom (from
a Met residue) or one O atom (from a carbonyl group in the protein
backbone) are coordinated as the ligands; the ﬁfth ligand of each Cu
atom is the nearby Cu atom. In bovine CcO, the distances of Cu\S
(Met207) and Cu\O (the Glu198 backbone) are slightly longer than
the other covalent bonds, and thus the S and O atoms are referred to as
the axial-coordinated atoms.
The functional roles of the Cu-binding sites in the blue Cu proteins
are similar to those of the CuA site in CcO [17,18]. Each of the Cu-
binding sites of plastocyanin and azurin also possesses an axial Met
ligand. Furthermore, this Met residue is important to control the
reduction potentials of plastocyanin and azurin [19,20]. By analogy to
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regulating the electron transfer rate. In fact, this Met is highly
conserved in various CcO proteins [21]. In the engineered azurin, in
which the CuA site was incorporated to mimic that of CcO (PDB ID:
1CC3), the roles of the Met residue were analyzed by measuring the
redox potentials of severalmutants [22,23]. This analysis revealed only
slight changes in the redox potential. In contrast, signiﬁcant changes in
the redox potential were observed in theMetmutants of bacterial CcO
enzymes. For example, for CcO from Rhodobacter sphaeroides, the
replacement of the axial Met with Leu remarkably increased the redox
potential, by 118 mV [24,25]. With respect to the Thermus thermo-
philus ba3 oxidase, systematic mutagenesis studies of the CuA site
revealed various ranges of redox potentials in the mutants [26].
Therefore, the experimental results relevant to the CuA site
apparently have some discrepancies. In addition, the intense X-ray
beam used for the structural analysis reduces the metal binding site
during the data collection, thus delocalizing the electron density of the
transition metal binding site. Various structural ambiguities still exist
in the experimental data of the CuA site. For example, in several crystal
structures of bovine CcO, a steric clash between Cys196 and Met207
seems to be present. In fact, the two H atoms of those amino acid
residues are too close, as depicted in Fig. 1. Therefore, for an accurate
evaluation of the geometry and the electronic structures of the CuA
site, further structural improvements using modeling techniques
coupled to ab initio electronic structure calculations are required, as
also mentioned in a previous study of azurin [27].
In this report, we investigated the functional roles of the axial Met
ligand, in terms of the following three properties: the electronic
structure, the inner sphere reorganization energy, and the experi-
mentally measured redox potentials. First, we analyzed the elec-
tronic structure of the CuA site of bovine CcO, using molecular
modeling techniques combined with hybrid quantum mechanics
(QM)/molecular mechanics (MM) calculations. We optimized the
experimental 3D structure of the CuA site, and analyzed its electronic
structure, employing the density functional theory (DFT) for the QM
part. Although the resultant electronic structure was consistent with
the results from previous experimental and theoretical studies, in
which CcO, the engineered azurin, and the modeled cluster were
used [17,28,29], some differenceswere also revealed in themolecular
orbitals (MOs) involving Met/His residues and Cu atoms. We found
that these differences represent a characteristic feature of the
electronic structure of the CuA site, and are brought about through
hybridization between a Cu ion and S of the Met ligand. On the otherFig. 1. The 3D structures of CcO and the CuA site. The left panel shows the entire structure of
other subunits of the CcO are colored magenta (α-helix) and yellow (β-sheet). The membran
atomic coordinates of the protons were optimized by MM simulations, in which the heavy a
(M207) is too short (3.4 Å), thus causing the steric clash between the two hydrogen atomshand, the effects of theMet residue on the other electronic structures
of the CuA site are marginal. In contrast, in previous studies, the
replacements of the His/Cys residues that are coordinated to the Cu
ions disrupted the 3D and electronic structures of the CuA site
[25,30,31]. Therefore, we propose that the role of the axial Met
residue is the ﬁne tuning of the electronic structure established by
the His/Cys residues and the two Cu ions.
Second, to clarify the roles of the Met residue, we also calculated
the inner-sphere reorganization energies of the CuA site in the
presence/absence of the Met residue in the QM region. By exploiting
this physical quantity of the model systems as a probe, we attempted
to monitor the naive effect of the Met residue on the electronic
structure of the CuA site without inducing conformational changes,
since some were detected in the mutants. The analysis revealed that
the reorganization energies are not signiﬁcantly perturbed by the
presence/absence of the axial Met residue.
Third, we also examined the redox potentials of the mutants of the
axial Met residue, which were generated in previous studies. In some
of the experimental values, discrepancies were apparent (i.e., both
large and small differences between the values of the wild type and
the mutants were found, depending on the CuA systems). Therefore,
we analyzed the effects of the conformational changes induced by the
mutations by constructing the 3D structural models, to minimize such
artifacts involved in the measurements of the redox potentials of the
mutants. This analysis also suggested that the axial Met residue
participates in the ﬁne-tuning of the redox potential.
2. Computational details
2.1. Molecular mechanics calculations
The initial coordinates of the protein were obtained from the fully
reduced crystal structure of bovine CcO (PDB ID: 2EIJ) [32]. Subunits 1,
2, and 3, as well as metal ions, detergents, and crystal water
molecules, were included in our model. Hydrogen (H) atoms were
added to the crystal structure, using the LEAP module of the Amber 9
program package [33]. The atomic coordinates of Nε and Oε of Gln180
of subunit 1 were exchanged for each other, on the basis of the
structural stability revealed in our calculations.
With respect to the metal binding sites, i.e., CuA, CuB, Heme a,
and Heme a3, RESP charges were generated with the antechamber
module of Amber 9 [33,34]. Here, the electrostatic potentials were
obtained by DFT calculations with the B3LYP functional [35]. TheseCcO. The subunits 1, 2, and 3 are colored blue, green and light purple, respectively. The
e regions are represented by dashed black lines. The right panel shows the CuA site. The
toms were ﬁxed. In the crystal structure, the atomic distance between Cβ (C196) and Cγ
attached to the carbon atoms (1.67 Å).
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program package [36]. The triple zeta valence polarized (TZVP)
basis set [37] was assigned to themetals and the atoms coordinated to
the metals, and the 6-31G* basis set [38] was used for the other QM
atoms. The force ﬁeld parameters that were previously built with
respect to the metal binding sites [39,40] were used in combination
with those in the general amber force ﬁeld (gaff) [41]. For detergents,
such as DMU, TGL, PGV, CHD, PSC, PEK, and CDL, the gaff was
employed. With respect to the other amino acid residues and water
molecules, the parm99 force ﬁeld parameter was adopted [33].
The Amber 9 program package was used for all molecular
mechanics calculations. The positions of the added H atoms were
relaxed by the following procedure. First, only the H atoms of the
heme and amino acid residues were optimized, with the steepest
descent method for 100-steps. Subsequently, 10-ps MD simulations
were performed at 300 K, with respect to the H atoms. Then, the
positions of the H atoms were again optimized, with the steepest
descentmethod for 100-steps. After this procedure, the H atoms of the
crystallographic water molecules were optimized in a similar manner,
in which only the H atoms of the crystallographic waters could be
moved, while the rest of the atoms were ﬁxed.
In the crystal structure, the atomic distance between Cγ of Met207
and Cβ of Cys196 is short (3.40 Å), where these two amino acid
residues are coordinated to CuA (Fig. 1). As a result, the smallest
atomic distance between the H atoms attached to Cγ of Met207 and Cβ
of Cys196 is 1.67 Å. These overlapped atoms were removed by the
following procedures. First, 1000-step geometry optimization was
performed, by using the steepest descent method with respect to the
two Cu ions and the side chains of Cys196 and Met207. Here, for the
other moieties, positional harmonic constraints with a force constant
of 500 kcal/mol Å2 were imposed. Furthermore, for the bonds
between the Cu ions and the Cu-coordinated atoms, distance
constraints were imposed to maintain the atomic distances observed
in the crystal structure; i.e., the equilibrium distances were obtained
from the crystal structure. Second, for extended sampling, a simulated
annealing protocol was adopted; i.e., four steps of 10-ps MD
simulation were performed at 300, 500, 300, and 200 K for each
step, coupled with the above-mentioned distance/positional con-
straints. Subsequently, 1000-step energy minimization was per-
formed, under the same distance/positional constraints. Finally, 20-
step energy minimization was performed without any constraints.
The TIP3P water molecules were arranged in a sphere with a 30 Å
radius from the Cu atom coordinated with Met207. This function
added 1064 additional water molecules to the system. The H atom
coordinates of the added water molecules were optimized by a 50-
step energyminimization, 10-psMD simulations, and ﬁnally a 50-step
energy minimization. Then, all of the atoms of the added water
molecules were optimized by a similar procedure. Finally, 30-step
energy minimization was performed without any constraints; the
structure thus obtained was used as the initial structure for the
following hybrid QM/MM calculations.2.2. Hybrid QM/MM calculations
In our QM/MM calculations, the system of interest is divided into
two regions; i.e., one region is deﬁned as a QM region where the QM
calculation is performed, and the other region outside of the QM
region is treated with MM potentials. Then, the MM region within a
distance r from the center of mass of the QM region is deﬁned as the
MM1 region, and the region outside the MM1 region is deﬁned as the
MM2 region. In this study, the protein and solvent atoms within a
distance of 25 Å from the center of the QM region (r=25 Å) were
deﬁned as the MM1 region. The atoms of the MM1 region were
allowed to perturb the wave functions through the one-electron
integrals in the QM Hamiltonian, as described below.The total Hamiltonian of our hybrid QM/MM scheme is expressed
as the sum of the QM Hamiltonian, the classical MM-based
Hamiltonian, the hybrid QM-MM1 Hamiltonian, and the hybrid QM-
MM2 Hamiltonian [42]. The hybrid QM-MM1 Hamiltonian evaluates
the interactions between the partial charges of the MM1 atoms and
the electrons of the QM region through one-electron integrals;
thereby, the polarization effects of the QM region by the MM1
atoms are considered. The hybrid QM-MM2 Hamiltonian evaluates
the Coulomb interactions between the QM andMM2 atoms at theMM
level, using the partial charges. In our QM/MM scheme, the LJ
potential is incorporated into the QM Hamiltonian, since DFT, which
was used for the QM calculation in this study, fails in the estimation of
van der Waals interaction energy [43]. Further details of our QM/MM
calculation scheme, which is implemented in our interface program
to connect the QM and MM calculation engines, were described
previously [27,42].
The QM region involves the two Cu ions, the Cu-coordinated amino
acids, and a crystal water molecule, as shown in Fig. 1. Here, Cys196,
Cys200, His204, His161, and Met207 were terminated by replacing
the Cα atoms with methyl (–CH3) groups. A peptide group connecting
the backbone of Glu198 and Ile199 was included in the QM region. A
crystal water molecule that hydrogen bonds with the Hε atom of
His204 was also included in the QM region.
The QM calculations were performed with the use of GAMESS [44].
TheB3LYP functionalwas employed forDFT calculations [35]. TheTZVP
basis set [37] was used for Cu ions, and the 6-31G* basis set [38] was
used for the other atoms. Only QM atoms were allowed to move; the
positions of all MM atoms were ﬁxed during the geometry optimiza-
tion. The fully reduced state (Cu+1–Cu+1) and themixed valence state
(i.e., Cu+1.5–Cu+1.5) were considered in the QM calculations. The
geometry optimization was performed with respect to the fully
reduced and -oxidized states, to obtain the reorganization energy.
To clarify the roles of the axial ligands, the following simpliﬁed
models that did not involve the axial amino acid residues as QM atoms
were also used: Cu2S2(Im)2, sym-Cu2S2(Im)2, Cu2S2(Im)2GluO, and
Cu2S2(Im)2Met. Here, Im and sym refer to an imidazole ring and the
symmetric structure, and GluO stands for the protein backbone, i.e.,
H3Cα–CO–NH–CαH3 (the carbonylOatomcoordinates toa Cu ion).With
respect to these simpliﬁedmodels, fullQMcalculationswereperformed.
All of the hybrid QM/MM calculations and MM-based conforma-
tional sampling calculations performed in this study are listed in
Table 1.
2.3. Reorganization energy
The reorganization energy is deﬁned as the energy required for all
structural changes that occur in an electron transfer reaction, and can
be divided into two parts [45–48]. One is induced by the structural
changes of the redox sites, and is referred to as the inner-sphere
reorganization energy. The other is induced by the structural changes
of the regions surrounding the redox sites, i.e., proteins and solvent
molecules, and is called the outer-sphere reorganization energy. The
Marcus theory gives the relationship between the rate of electron
transfer and the reorganization energy, as follows [49,50]:
kET =
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
π
ℏ2λkBT
s
jHDAj2 exp −
ΔG0 + λ
 2
4λkBT
2
64
3
75: ð1Þ
Here, |HDA| is the electronic coupling between the initial and ﬁnal
states, kB is the Boltzmann constant, and ℏ is the reduced Planck
constant, which is deﬁned as the Plank constant divided by 2π. ΔG0
represents the standard Gibbs free energy change. The λ represents
the reorganization energy, which is the sum of the inner-sphere and
the outer-sphere reorganization energies. In this report, the inner-
Table 1
Calculations performed in this study.
Simulation
number
Simulated system Calculation method Purpose
1 Reduced CcO CuA site Hybrid QM/MM Geometry optimization
2 Oxidized CcO CuA site Hybrid QM/MM Geometry optimization
3 Oxidized and reduced CcO CuA site Classical mechanics
(simulated annealing)
To extend sampling of conformation of Met207 and Cys196
4 Reduced CcO CuA site Hybrid QM/MM Geometry optimization start with initial structure was adopted ﬁnal structure of simulation 3
5 Oxidized CcO CuA site Hybrid QM/MM Geometry optimization start with initial structure was adopted ﬁnal structure of simulation 3
6 Oxidized CcO CuA site Hybrid QM/MM MM-Met207a
7 Reduced CcO CuA site Hybrid QW/MM MM-Met207a
8 Oxidized and reduced CcO CuA site Hybrid QM/MM To calculate reorganization energy
9 Oxidized and reduced CcO CuA site
with Met207 absence model
Hybrid QM/MM To calculate reorganization energy for Met207 absence model
10 Oxidized Cu2S2(Im)2 Full QM One point energy
11 oxidized sym-Cu2S2(Im)2 Full QM One point energy
12 Oxidized Cu2S2(Im)2GluO Full QM One point energy
13 Oxidized Cu2S2(Im)2Met Full QM One point energy
a The Met207 side chain was treated in the MM region, where all of the point charges of the atoms are neutral.
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equation, as mentioned in [29,51]:
λi = Eg=oxidized−Eg= reduced
 
chg= reduced
+ Eg= reduced−Eg=oxidized
 
chg=oxidized
:
ð2Þ
Here, E represents the energy of the QM region, involving the
electrostatic interaction energy between the MM1 and QM regions.
The subscript, chg, refers to the charge state of the system. The other
subscript, g, refers to the geometry of the redox site, which is obtained
by the geometry optimization of hybrid QM/MM calculations.
2.4. Structural modeling of various mutants of the axial Met ligand
The 3D structures of the axial ligand Met residue mutants; i.e.,
M160L, M160Y, M160H, and M160Q, were built with the Molecular
Operating Environment (MOE) software [52]. The initial coordinates
of the protein were obtained from T. thermophilus cytochrome ba3
oxidase (PDB ID: 1XME) [53]. The conformations of the mutated
amino acid residues were generated by using the method developed
by Fechteler et al. [54]. To perform the extended sampling of the
conformations, the Boltzmann-weighted randomized modeling
method and the stochastic conformational search algorithm were
employed [55,56]. When these automatic sampling programs could
not ﬁnd appropriate conformations, interactive modeling was
performed by using MOE. Finally, energy minimization for the
obtained structures was performed by employing MOE, using the
parm99 amber force ﬁeld parameters and the gaff [33].
3. Results and discussion
3.1. Evaluation of the 3D structures of CuA sites in fully oxidized/reduced
CcOs
The 3D structure of the CuA site in bovine CcO is depicted in Fig. 1.
The Cu-coordinated amino acid residues are highly conserved in most
species (Fig. 2) [12,21,57]; accordingly, the fundamental 3D structures
of the CuA site are also considered to be conserved in various species
[8–11,13,53]. To evaluate the detailed geometry of the CuA site in the
crystal structure of the fully reduced state of CcO [32], we performed
geometry optimization using hybrid QM/MM calculations, where the
two Cu ions, the coordinated amino acid residues, and a water
molecule hydrogen-bonding with His204were assigned as QM atoms.The calculation revealed that the distance between Hγ of Met207 and
Hβ of Cys196 linearly increased during the geometry optimization
(Fig. S1). This could be due to the atomic overlap of the two H atoms.
In fact, the distance between the two H atoms was too close in the
initial structure of the calculation (1.67 Å), even though the energy
minimization of all H atoms in CcO was performed at the MM level,
where the atomic coordinates of the heavy atomswere extracted from
the crystal structure (Fig. 1).
Subsequently, to perform more extensive sampling of the
structures comprising Met207, Cys196, and the Cu ion where these
two amino acid residues are coordinated, we adopted a simulated
annealing protocol coupled to molecular dynamics calculations at the
MM level. Then, we performed hybrid QM/MM calculations in a
similar manner to the previous calculations. As shown in Fig. 3, the
atomic distance between Hβ (Cys196) and Hγ (Met207) increased up
to 1.93 Å, and thus the steric clash was relaxed. Furthermore, the
energy of the ﬁnal CuA structure was more stable, by 23.2 kcal/mol,
than that of the initial structure. Since the RMSD of the heavy atoms of
the QM regions was 0.118 Å, with respect to the crystal structure, no
signiﬁcant structural deviations were induced in the generated CuA
structure. Thus, we obtained the optimal structure of the CuA site of
bovine CcO, without any structural discrepancies (Fig. 3).
Similarly, with respect to the oxidized state of CcO, we also
performed structural modeling of the CuA site and the hybrid QM/MM
calculations. By exploiting the optimized structure of the CuA site, we
then conﬁrmed that this ﬁnal structure of the oxidized state ﬁt well to
the electron density map (the electron density map in the absence of
the ligand is only available for the fully oxidized state of CcO) (Fig. 3C).
3.2. Role of the axial ligands in the electronic structure of the CuA site
In our hybrid QM/MM calculation of bovine CcO, the two Cu and S
atoms of the CuA site exhibited 47% and 45% spin densities,
respectively (Table 2). To evaluate the calculation, we compared
this result with the experimental data. To minimize the experimental
difﬁculties in the analysis of the CuA site of CcO, Hay et al. incorporated
the two Cu ions and the coordinated amino acid residues into azurin,
to mimic the original CuA structure and the function of CcO [58]. With
respect to this engineered azurin, DeBeer George et al. performed Cu
L-edge and S K-edge X-ray absorption spectroscopic (XAS) experi-
ments. This analysis showed that the d-orbitals of the Cu atom (44%)
and the p-orbitals of the S atom (46%) predominantly occupy the
singly occupied molecular orbital (SOMO) of the CuA site [17]. Thus,
the results of our hybrid QM/MM calculation of CcO are quite
consistent with the experimental data (in previous studies, similar
Fig. 2. Sequence alignment of the CuA sites of various oxidases. The asterisks represent the completely conserved amino acid residues. Red and green highlighted areas represent the amino acid residues comprising the CuA site and the inserted
structural element close to the CuA site, respectively. Eukaryotic and bacterial enzymes are colored cyan and green, respectively.
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Fig. 3. Stereo view of the CuA sites of bovine CcO, where the crystal structures and the optimized structures in the fully oxidized (A) and reduced (B) states are superimposed. The
electron density map (the oxidized state) and the optimized structure are depicted (C). The initial structure for the conformational sampling (i.e., the heavy atoms extracted from the
crystal structure) is coloredmagenta.With respect to the initial structure, the RMSDs of the heavy atoms of the optimized structures in the oxidized and reduced states are as small as
0.111 Å and 0.118 Å, respectively, and the atomic distances between Hβ (Cys196) and Hγ (Met207) are 1.94 Å and 1.93 Å, respectively. The distance between Cβ (Cys196) and Cγ
(Met207) was 3.51 Å. The optimized structure is also ﬁtted to the electron density map.
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experimental data, using the engineered azurin for both analyses
[28]).
Moreover, the calculated spin density for S of Cys200 was larger
than that for S of Cys196 (Table 2). This is also consistent with the
experimental data from the previous study, using a CuA fragment
(subunit II) derived from T. thermophilus ba3 oxidase [59]. This could
be due to the hydrogen bond between the Cys196 side chain (S) and
the Ser162 backbone (amide) (bovine numbering system), as
discussed in the previous studies [12,59].Table 2
Mulliken population analysis. The charge and spin density of each atom are shown. The
sum of the spin densities of the two Cu ions is 0.47, and that of SCys196 and SCys200 is 0.45;
these are consistent with the experimental data, as discussed in the text [17].
Charge Spin
Oxidized state Reduced state Differencea Oxidized state
CuS 0.21 0.20 −0.01 0.19
CuO 0.35 0.28 −0.07 0.28
SCys196 −0.22 −0.39 −0.17 0.17
SCys200 −0.17 −0.40 −0.23 0.28
SMet207 0.12 0.10 0.02 0.02
OGlu198 0.52 0.48 0.04 0.00
NHis161 −0.52 −0.49 0.03 0.02
NHis204 −0.51 −0.48 0.03 0.04
a Differences of the Mulliken charge (reduced state−oxidized state) for each atom.SOMO, which appears in the oxidized state of the CuA site (Fig. 4A),
was referred to as the σu* state in previous theoretical studies
[16,17,28,29]. In our hybrid QM/MM calculation, the highest occupied
molecular orbital (HOMO) in the reduced state (Fig. 4B) is similar to
SOMO in the oxidized state, which suggests that the additional
electron of the reduced state mainly occupies the SOMO of the
oxidized state. A similar conclusion for azurin was reported by Corni
et al. [60].
Here, the two Cu ions, each coordinated to Met207 and the Glu198
backbone (the carbonyl oxygen atom), are referred to as CuS/CuO,
respectively (Fig. 1). By comparing the Mulliken charges, we found
that the atomic charges of the two Cu ions are asymmetric in both
charge states; i.e., CuO is more positively charged than CuS (Table 2).
This could be caused by the difference in the axial ligands (i.e., S
(Met207) and O (Glu198) are coordinated to CuS and CuO,
respectively), since the other coordinated amino acid residues and
their geometries are common (i.e., His and Cys residues). This can be
explained by the hard and soft acids and bases (HSAB) theory with
respect to the Cu-coordinated atoms; i.e., a softer atom is, in principle,
more polarizable, and vice versa. In fact, we previously found a similar
scheme in the active site of the blue Cu azurin [27].
Furthermore, we found that the charge difference between CuO
and CuS in the reduced state is smaller than that in the oxidized state,
which means that the two Cu ions in the reduced state are less
asymmetric than those in the oxidized state (Table 2). Moreover, the
CuO and the two S atoms of Cys196 and Cys200 in the reduced state
had larger charge reductions (Table 2), whereas the charge states of
Fig. 4. Stereo view of SOMO (oxidized state) (A) and HOMO (reduced state) (B). These MOs are equivalent.
1320 J. Kang et al. / Biochimica et Biophysica Acta 1807 (2011) 1314–1327the other Cu-coordinated atoms and the CuS only marginally changed.
Thus, in the reduced state, as compared with the oxidized state, an
electron is distributed to the CuO and the two S atoms of Cys196 and
Cys200, which are both coordinated to the two Cu ions (Table 2).
In previous studies, to deduce the electronic structure of the CuA
site, a model system, i.e., Cu2S2N2, was theoretically exploited [16,28].
We compared those results with our hybrid QM/MM calculations of
CcO in the oxidized state (Figs. 5 and S2). However, as shown in Fig. 5,
the MOs involving the dzx-orbitals of the Cu ions were distinct. In the
simpliﬁed model system, the energy levels of the dzx-orbitals were
signiﬁcantly lower than those of the HOMO. In contrast, in our hybrid
QM/MM calculations, the dzx energy levels of the two Cu ions were
quite close to those of the HOMO (Fig. 5). For example, HOMO-3,
which predominantly involves the Cu dzx-orbitals, includes 2p of the N
atom (His161) and 3p of the S atom (Met207). Thus, the dzx-orbitals
hybridize with the atoms of those amino acid residues, thereby
leading to the anti-bonding orbitals, which are close to the HOMO. On
the other hand, in the model system, this hybridization does not occur
as mentioned above, perhaps due to the absence of the axial ligand.
To further evaluate the effects of the Met and His ligands, full QM
calculations of the followingmodel systems in their oxidized state were
performed: 1) Cu2S2(Im)2, 2) sym-Cu2S2(Im)2, 3) Cu2S2(Im)2GluO,
and 4) Cu2S2(Im)2Met (see Section 2.2). The results are provided in
Table 3. For systems 1 and 2, the energy differences between the HOMO
and the MOs containing dzx Cu orbitals (ΔE) are quite large (50.3 and
49.5 kcal/mol for systems 1 and 2, respectively). The corresponding
orbitals in systems 3 and 4 instead have higher energy, and thus their
energy differences with respect to the HOMO are lower: 32.4 and
27.9 kcal/mol for systems 3 and 4, respectively. This difference can be
attributed to the presence of a Cu-coordinating backbone O atom in
system 3 and a Cu-coordinating S atom in system 4, which are not
present in model systems 1 and 2. Similarly, in the CcO CuA site, where
both an S atom and a backboneO atomare present as Cu-ligands, theΔE
is further reduced to 20.8 kcal/mol.
For various systems, we monitored the occupancies of the Cu ions
in the MOs that predominantly involve the Cu dzx-orbitals and have
energy levels closest to the HOMO, by employing the 4s and 4p
orbitals of the Cu atoms as probe references. It should be noted herethat those occupancies of the CuS ions in systems 3 and 4 increase by a
factor of ten to a hundred, as compared with those in systems 1 and 2
(Table 3). Correspondingly, in the hybrid QM/MM calculation of CcO
(the oxidized state), a similar trendwas also found; i.e., the occupancy
of CuS is comparable to the former case (i.e., systems 3 and 4).
Therefore, the axial ligands may increase the energy levels of the
dzx-orbitals of the two Cu ions through their hybridization, thus
elevating those of the anti-bonding orbitals close to that of HOMO. In
this manner, we concluded that the axial ligands modulate the
electronic structure, without signiﬁcantly changing that of the
fundamental CuA system comprising the other components, i.e., the
two His/Cys residues and their coordinated-Cu ions.
In contrast, the replacement of these Cu-coordinated Cys/His
residues inﬂuences the 3D and electronic structures of the CuA site
much more drastically [25,30,31], resulting in structural disruptions
and signiﬁcant increases in the redox potential [25]. For instance, in
the case of the C112S and C116Smutants of the engineered azurin, the
mixed valence state changes to types I and I/II, respectively [31]. Thus,
these Cys/His residues play a critical role in establishing the 3D and
electronic structures of the CuA site. Therefore, we propose that the
functional role of the axial Met residue is the ﬁne-tuning of the
electronic structure established by the His/Cys residues and the two
Cu ions, by which only the MO energy levels involving the Cu dzx
orbitals are increased.
3.3. Role of the axial Met ligand in terms of reorganization energy
The active sites of the blue Cu proteins and the CuA site of CcO
contain in common the axial ligands, a Met residue and the protein
backbone carbonyl oxygen, and these were previously shown to
regulate the redox potential [12,61,62]. By exploiting the hybrid
QM/MM calculations, we calculated the inner-sphere reorganization
energy of the CuA site, and obtained the estimated value of ~230 meV,
which is close to the previous experimental data concerning the
engineered azurin (250 meV) (Table 4) [16]. Gorelsky et al. previously
calculated the inner-sphere reorganization energy of the engineered
azurin using an isolated QM (DFT) model involving the CuA site, and
obtained the estimated value of 400 meV, which is larger than the
Fig. 5. Energy diagrams of MOs involving Cu d-orbitals, obtained from the full QM calculation of a simpliﬁed system (i.e., Cu2S2N2 by Xie et al.) [16,28] (left) and from the present
hybrid QM/MM calculation of CcO (right). The blue arrows represent the Cu dzx-orbitals identiﬁed in the present hybrid QM/MM calculation.
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hybrid QM/MM calculation using the bovine CcO are much closer to
the experimental data, than to those of the isolated QM calculation
[29]. One of the reasons for this differencemay stem from the fact that
the protein environment, including the solvent, modulates the
electronic structure of the active site [27,63]. Accordingly, one must
utilize the entire protein structure, rather than isolated models of the
active site, for an accurate evaluation of the physical quantities, such
as the inner-sphere reorganization energy.
Furthermore, to investigate the effect of the axial Met ligand
(Met207) on the reorganization energy of the CuA site, we calculatedthat of the “wild type” bovine CcO and compared it with that of the
enzyme in which the Met207 side chain was excluded from the QM
region, and instead was assigned to the MM atoms (here, the partial
charges of the side chain atoms of this Met were set to be neutral).
Using this model, we calculated the inner-sphere reorganization
energy of the “mutant” in a similar manner to the “wild type” (i.e., the
total energies of the oxidized/reduced states obtained using hybrid
QM/MM calculations were employed for the computation, as
described in Section 2.3; this also means that not only the frontier
MOs but also the other MOs contribute to the reorganization
energies). As a result of this analysis, the inner-sphere reorganization
Table 3
Energy differences between the MOs that predominantly include the dzx orbitals of Cu
ions, and the HOMO of each molecular system. For each system, the sum of the
occupancies of the 4s and 4p orbitals of CuS is also shown to monitor the elevation of
dzx-orbitals as a probe. In fact, when the energy level of the MOs increases (i.e., the
energy difference with respect to HOMO decreases), the occupancies of 4s and 4p of CuS
also increase, suggesting that mixing of the former and latter MOs occurs (see the text).
System MO with dzx(Cu)
character
ΔEa [kcal/mol] Occupancies of 4s
and 4p of CuS [%]
CuA in CcO HOMO-3 20.8 1.19
Cu2S2(Im)2 HOMO-7 50.3 0.02
sym-Cu2S2(Im)2 HOMO-6 49.5 0.10
Cu2S2(Im)2GluO HOMO-4 32.4 1.05
Cu2S2(Im)2Met HOMO-2 27.9 1.33
a The energy difference with respect to HOMO.
Fig. 6. Redox potentials of the CuA site with respect to several mutants of the axial Met
residue. The blue, red, and purple lines represent the redox potentials of mutants of
Thermus thermophilus ba3 oxidase, the engineered azurin, and Rhodobacter sphaeroides,
respectively [22,24–26].
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with that in the “wild type” bovine CcO, where M207 was included in
the QM region (Table 4). Thus, we concluded that the inﬂuences of
this “mutation” upon the reorganization energy may not be
signiﬁcant.
3.4. Redox potentials of axial Met ligand mutants
In previous studies, Met207 was mutated to obtain the redox
potentials of the mutants (Fig. 6) [22,24–26,64]. The replacement
with Leu in R. sphaeroides CcO led to a large increase in the redox
potential by 118 mV, even though it preserved the mixed valence
state of the CuA site [24]. In contrast, analyses of the subunit II truncate
from the T. thermophilus ba3 oxidase and the engineered azurin
revealed that the replacement of the axial Met with Leu increased the
redox potentials by 53 mV and 16 mV, respectively [22,26]. Thus,
these experimental data concerning the Leu mutants exhibit some
discrepancies; i.e., the degrees of the redox potential increases of the
mutants remarkably depend on the CuA systems (Fig. 6). This must be
explained.
To evaluate the problems involved in the measurements of the
redox potentials of the mutants, we built 3D structural models of the
mutants, using the crystal structure of T. thermophilus ba3 oxidase; i.e.,
the axial Met160 ligand in the crystal structure was replaced with Leu,
His, Ser, Tyr, and Gln. In the case of Leu, two possible conformations of
the side chain were found in the modeling (Fig. 7A). However, these
structures may induce steric clashes with the surrounding protein
structure, since the Leu side chains in the modeled structures overlap
with the aromatic ring of Try90. Thus, this structural modeling of the
M160L mutant suggests that this replacement changes the neighbor-
ing structures of the CuA site (Fig. 7A).
It should be noted here that in the above-mentioned mutagenesis
experiments, the replacement of the Met residue preserves the
fundamental electronic structure of the CuA site (e.g. the mixed
valence state), although some perturbations were detected [16,18].
Accordingly, the differences in the redox potentials could beTable 4
Inner-sphere reorganization energy obtained using the hybrid QM/MM calculations.
When the Met207 residue is assigned to the MM region, where all of the partial charges
of the Met side chain atoms are neutral, the inner-sphere reorganization energy
increases by 44 meV.
Inner-sphere reorganization
energy [meV]
QM-Met207 (bovine CcO)a 228
MM-Met207 (bovine CcO)b 272
Experimental data (engineered azurin)c 250
a Results of the present hybrid QM/MM calculations.
b TheMet207 side chain was treated in the MM region, where all of the point charges
of the side chain atoms are neutral.
c Experimental data of the CuA site of the engineered azurin [16,17,29].dependent on the effects of the changes in the neighboring structures
of the CuA site induced by the replacement of the Met residue, as
suggested by the presentmodeling. In fact, the three CuA systems have
distinct environments. With respect to the engineered azurin, the Met
residue is more exposed to the solvent than the CuA in CcO,
presumably resulting in the weaker inﬂuence of the structural
changes induced by the mutation. In contrast, with respect to R.
sphaeroides CcO, the Met residue is buried in the protein, and so the
structural changes induced by the mutation would affect larger
surrounding regions (the other effects, such as a modular structure
inserted close to the CuA site and the structural instability induced by
the mutations, are discussed later). Thus, the experimental values
obtained from the engineered azurin and R. sphaeroides CcO may
approximately represent theminimum andmaximum. Here, also note
that in the engineered azurin, the geometry of the CuA site is slightly
different from those of CcOs; i.e., the bond length of CuS and S of the
Met is longer than that of the other CuA structures in CcOs, and the
bond length of CuO and CuS is shorter than that in CcOs.
More speciﬁcally, a modular structural unit deﬁned as Ser155–
Thr196 of R. sphaeroides CcO is inserted in subunit II, contacting the
Met backbone (Figs. 2 and 8). Further, the contacts of subunits I and II
are located close to the CuA site (note that the entire enzyme of R.
sphaeroides CcO was used). Similarly, Ser117–Val138 is inserted in
subunit II of bovine CcO. In contrast, the engineered azurin and T.
thermophilus ba3 oxidase lack suchmodular structures. This is likely to
be associatedwith the degree of the increase in the redox potentials of
the mutants. Such an insertion may amplify the effects induced by the
mutations, resulting in the increased redox potentials of the mutants.
Accordingly, for T. thermophilus ba3 oxidase, the lack of the
modular structure problems observed in the above-mentioned two
CuA systems could be the least serious, among the three systems. Thus,
the increase in the redox potential of the T. thermophilus ba3 oxidase
mutant (53 mV) could be the closest, among the three systems, to the
naive effects of the Met residue, where the inﬂuences of the
environmental structural changes induced by the mutation are
minimal.
Fig. 7. Stereo view of the 3D structures of the CuA site in themutants of the axial Met ligand, which were constructed with respect to the crystal structure of Thermus thermophilus ba3
oxidase, using the structural modeling techniques. A) M160L. The distance of the closest C atoms of Leu160 and Tyr90 is 3.05 Å, suggesting the atomic overlaps of the two residues.
B) M160Y. The distance of the closest C atoms of Tyr160 and Tyr90 is 2.75 Å, suggesting the atomic overlaps. C) M160H. The distance of the closest atoms of His160 and Tyr90 (i.e.,
H atoms) is 2.67 Å, and that of CuS and N of His160 is 2.04 Å, implying that the His makes stable interactions with the surrounding structures of themutants. Similarly, Ser160/Gln160
can form reasonable interactions in M160S (D)/M160Q (E) mutants, respectively.
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suggested to disturb the neighboring 3D protein structures (Fig. 7B),
which may increase the redox potential (Fig. 6). In fact, in the M160Y
mutant, although UV–visible absorption spectra and g⊥ and g//values
of EPR spectra were not perturbed, structural instability of the CuA site
was detected from A// value of EPR spectra [18]. Here, note that the
latter was also the case with the M160L mutant. In these M160Y and
M160L mutants, the ratio of another structure (the type II center),
which is not in the mixed-valence state, was ~85%, and this value
is signiﬁcantly larger than those of the other mutants (i.e., M160H
and M160S; ~35%), for which the redox potentials decreased as
mentioned later [26].To conﬁrm the above-mentioned effects of the mutations of the
M160Y and M160L mutants, we performed further energy minimi-
zation, where the mutated amino acid residues and the neighboring
structures were moved. As a result, the conformations of Gly89 and
Tyr90 were perturbed in both mutants, and the effects were transited
to other moieties. This could also be corresponding to the increased
dissociation constant measured with respect to the complex of the
M263L mutant of R. sphaeroides CcO and Cyt c, which is larger than
that of the wild type by 1.7 times [24].
In contrast, the modeling of the M160H, M160S, and M160Q
mutants implied that the side chains of His, Ser, and Gln residues can
coordinate to the CuS without signiﬁcant conformational changes of
Fig. 8. The superposition of the 3D structures close to the CuA site of bovine CcO (green) and Rhodobacter sphaeroides CcO (purple) (A), that of bovine CcO (green) and Thermus
thermophilus ba3 oxidase (orange) (B), and that of bovine CcO (green) and the engineered azurin (magenta) (C).
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Gln160 side chain (–NεH2) can stack with the Tyr90 aromatic ring,
leading to a stable interaction between the two residues. Accordingly,
structural changes induced by the mutations may be restricted in
these mutants. This is consistent with the experimental data such as
the ratio of the type II center (the M160H and M160S mutants), as
mentioned earlier [26]. Therefore, we do not need to consider the
conformational changes in these mutants; instead, the properties
of the amino acid residues may directly inﬂuence the redox potentials.
In this manner, the present modeling explains their lower redox
potentials.3.5. Functional roles of the amino acid residues in the CuA site
By exploiting the hybrid QM/MM calculations, we revealed that
hybridization of the Cu dzx-orbitals and the S 3p-orbitals of the
axial Met ligand increases the energy levels, whereas the effects of
the Met residue on the other electronic structures of the CuA site
are marginal, as discussed in Section 3.2. Also, the present hybrid
QM/MM calculations indicated that the reorganization energy is
not signiﬁcantly perturbed by the presence/absence of the axial
Met residue, as discussed in Section 3.3. These results are likely
to be consistent with the inﬂuences on the redox potential, based
1325J. Kang et al. / Biochimica et Biophysica Acta 1807 (2011) 1314–1327on the available experimental data and the present structural
modeling.
It should be noted here that the Leu mutant of the axial Met ligand
of CcO from R. sphaeroides (M263L) inﬂuences the subsequent
reactions, such as the proton pump and the enzymatic activity of
CcO (e.g. the O2 consumption rate). In fact, in the previous study, the
reaction rate of the mutant enzyme was 10-fold lower, as compared
with that of the wild type. Moreover, the electron transfer rate from
the CuA site to heme a decreased by 23.2-fold (in contrast, the value
from Cyt c to the CuA site decreased by only 2.4-fold) [24]. These
experimental data suggest that the M207L mutation moderately
inﬂuences the reactions that cooperatively occur after the electron
transfer to the CuA site.
As discussed earlier in this report, the two Cys/His residues build
the fundamental 3D and electronic structures of the CuA site; together,
these are considered as the “platform” of the CuA structure, since the
replacements of those residues exert critical effects on the CuA system.
In contrast, the role of the axial Met ligand is the ﬁne modulation of
the electronic state of the “platform”; thereby, this residue may
regulate the electron transfer rates from Cyt c to heme a, thus
inducing the various subsequent cooperative reactions occurring in
CcO.
3.6. Feasibility of the computational schemes
It is interesting to try to compute the redox potential and the
electron transfer rates to obtain a detailed microscopic explanation.
However, the present modeling of the M207L mutants revealed that
the structural changes induced by the mutation would broadly affect
the surrounding regions with respect to R. sphaeroides CcO, since the
axial Met ligand is buried in the protein, due to the presence of the
inserted structural element (Ser117–Val138). In bovine CcO, a
modular structure is also inserted in subunit II. These facts mean
that the conceivable calculation of the reduction potentials and the
electron transfer rates would be difﬁcult. As a consequence, to
theoretically obtain reliable results, the crystal structures of the
mutants are required. Therefore, in our present study, we did not
intend to discuss the quantitative electron transfer rate using the
results of our hybrid QM/MM calculations, but to elucidate the effects
of the axial Met ligand with respect to three distinct properties
(i.e., the electronic structure, the inner sphere reorganization energy,
and the experimentally measured electron transfer rate).
Although the experimental structure of this mutant could be
available now, it would not be easy to extract the naive functional
roles of the axialMet ligand, since in such an analysis, the effects of the
conformational changes as mentioned cannot be ignored (thereby,
the artifact induced by the replacement of the amino acid residuemay
inﬂuence the redox potential values). These are the reasons why we
adopted the current calculation scheme (i.e., deleting the charges of
the Met residue) to elucidate the naive role of the Met residue. In fact,
our calculation scheme did not inﬂuence the surrounding structures
of the enzymes. Thus, we believe that this is currently the best way to
evaluate the experimental discrepancy and the functional roles of the
Met ligand.
4. Conclusion
In this study, to investigate the functional roles of the Cu-
coordinated amino acid residues in the CuA site of bovine CcO, we
structurally improved the CuA site, by employing extended sampling
techniques and hybrid QM/MM calculations. Using these reﬁned
models, we focused on the axial Met ligand in terms of three distinct
properties: the electronic structure, the inner sphere reorganization
energy, and the experimentally measured redox potentials.
The analysis using hybrid QM/MM calculation revealed a charac-
teristic electronic structure relevant to the axial Met ligand, whichwas not mentioned in previous studies. The energy levels of the MOs
that include the dzx orbitals of Cu ions unexpectedly increased
(~30 kcal/mol), as compared with those found in the previous
theoretical analysis using a simpliﬁed model system (i.e., Cu2S2N2).
To elucidate the mechanisms of the energy elevation, we examined
the effects of the axial Met and O (the Glu198 backbone) ligands, and
found that the energy levels of the MOs increased by the formation of
anti-bonding orbitals, which are generated by hybridization between
the dzx orbitals of Cu and the p-orbitals of S (the Met207 side chain)
and O (the Glu198 backbone), as compared with those found in the
simpliﬁed model.
However, for the other MOs, no signiﬁcant changes were observed
in the presence/absence of the Met residue, which means that this
residue fundamentally conserves the electronic structures of most
atoms in the CuA site, except for the MOs involving the dzx orbitals of
Cu and the p-orbitals of S. From this viewpoint, the Met residue is the
ﬁne-modulator of the electronic structure of the CuA site.
Moreover, to elucidate the functional role of the axial Met ligand,
using further hybrid QM/MM calculations, we computed the inner-
sphere reorganization energies of the CuA site in the presence/absence
of the Met residue in the QM region, and thereby found that the
reorganization energy moderately increased, by 44 meV, in the
absence of the Met residue.
For the M207L mutant of R. sphaeroides CcO (the bovine
numbering system), the inserted structural element located close to
the CuA site may induce the conformational changes, leading to the
largely increased redox potential. In contrast, with respect to T.
thermophilus ba3 oxidase, the redox potential of the mutant is not
signiﬁcantly affected; this may be due to the absence of the above-
mentioned structural element. Moreover, this provided the explana-
tions of the discrepancies involved in those experimental data. Since
for the replacements with Leu and Tyr, the increases of the redox
potentials could be due to changes in the neighboring structures of the
CuA site, the effect of the axial Met ligand on the redox potential may
not be signiﬁcant. Thus, the experimental data and the structural
differences of the enzymes seem to be correlated, and thereby the
apparent discrepancy in the biochemical data can be explained.
In this manner, the naïve effect of the Met residue on the redox
potential may be moderate. This is distinct from those of the two Cys/
His residues and the Cu ions, which build the 3D structure and the
electronic state (e.g. the mixed valence state) of the fundamental CuA
system. In contrast, the axial Met ligandmay elaboratelymodulate the
redox potential of the CuA site, such that the various subsequent
reactions optimally occur to establish the biological function of CcO: In
fact, the catalytic reaction rate and the electron transfer rate of the
mutant enzyme are moderately lower (by approximately 10-fold and
23-fold, respectively), compared with that of the wild type [24]. Thus,
the functional role of the Met residue is suggested to be the ﬁne-
tuning of the electron transfer rates from Cyt c to heme a, to optimally
facilitate the cooperative reactions, such as the enzymatic activity and
the proton pumping, in CcO.
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